In this study, fluidized-bed Fenton process (FBF) was used to degrade dimethyl sulfoxide (DMSO), one of the most widely used solvents. Oxidation by Fenton's reagent, Fe ?2 and H 2 O 2 , is one of the cheapest advanced oxidation processes due to the high availability of the reagents. FBF is a modified approach that reduces the large amount of iron oxide sludge formed in conventional Fenton process. The optimal treatment efficiencies by FBF with 2 h of reaction were 95.22 % of DMSO degradation and 34.38 % of COD removal at the conditions of 5 mM DMSO, 68.97 g/L SiO 2 carrier, pH initial 3.0, 5 mM Fe 2? , and 32.5 mM H 2 O 2 . The kinetic study was also done to investigate the two stages involved in the oxidation. The first stage fitted the zero reaction order with overall initial rate's apparent rate constant, k 1 , of -0.099. The second stage fitted the first order of DMSO degradation, with rate constant, k 2 , of -0.0005.
Introduction
The growth of the thin-film-transistor liquid-crystal display (TFT-LCD) industry in recent years has made the treatment of its wastewater a serious concern. The organic materials in TFT-LCD wastewater such as dimethyl sulfoxide (DMSO), monoethanolamine (MEA), and tetramethylammonium hydroxide (TMAH) (Chen et al. 2003; Park et al. 2001; Urakami et al. 1990 ) cause the high COD concentration of the wastewater.
Dimethyl sulfoxide (DMSO) is a highly polar, highboiling, aprotic, water-miscible, organic liquid. It is a widely used solvent as it dissolves most aromatic and unsaturated organic compounds and many inorganic salts. It is miscible with other common organic solvents such as alcohols, esters, ketones, lower esters, chlorinated solvents, and aromatics (Chemical 2013) . When the concentration of DMSO is at least 1000 mg/L, it can be recycled and used in the original process. DMSO concentration higher than 24,600 mg/L is hazardous to fish and aquatic invertebrates, and 400 mg/L is toxic for aquatic plants. US EPA allows a discharge of less than 0.05 mg/L DMSO.
Physicochemical processes such as UV/H 2 O 2 (Lee et al. 2004 ) and ozone-based ) processes have been evaluated for treating DMSO-containing wastewater, but these processes are not cost-effective when applied to fullscale operation. Anaerobic biodegradation of DMSO results in the formation of dimethyl sulfide (DMS), methane thiol (MT), and hydrogen sulfide (H 2 S) which contribute to global warming and acid precipitation (Hwang et al. 2007 ). DMSO is not decomposed by aerobic biological treatment (Koito et al. 1998) . Thus, biological treatment methods are not effective for treatment of wastewater that contains DMSO.
Advanced oxidation processes (AOPs) have been given attention as treatment methods for DMSO-containing wastewater as these are non-selective in attacking organic pollutants. AOPs generate hydroxyl radicals (HO Á ), which are powerful non-selective oxidants that oxidize and mineralize almost all organic compounds into CO 2 and inorganic ions (Brillas et al. 2009; Huang et al. 2009; Masomboon et al. 2009; Anotai et al. 2010) . The Fenton process, a common AOP, uses hydrogen peroxide (H 2 O 2 ) and ferrous ions (Fe 2? ) to produce radical HO Á . In an acidic medium, this serial complex reaction generates radicals. One of the cheapest kinds of AOPs is Fenton reaction. Large volume of iron oxide sludge is produced in the Fenton process and in subsequent neutralization process (Anotai et al. 2006) .
Among the ozone-based oxidation processes on DMSO degradation, O 3 /UV was considered the most efficient as there was 76 % of DMSO removal after 30 min and 64.6 % of TOC removal after 5 h . For UV/H 2 O 2 , Wu et al. (2007) observed that no TOC was removed even though there was 100 % of DMSO removal after 3 h at pH 3. Lee et al. (2004) observed that 77.1 % of TOC was removed after 4 h; however, a very high molar ratio of H 2 O 2 to DMSO (17.6) was used in the study.
Low DMSO degradation efficiency and high energy consumptions for UV and O 3 were limitations in the UV/ H 2 O 2 and O 3 /UV. One of the improvements to manage this drawback is fluidized-bed Fenton oxidation which crystallizes iron oxides on the carrier in a fluidized-bed reactor (Chou et al. 2004; Muangthai et al. 2010) .
The goal of this work was to determine the operating conditions leading to high DMSO removals from wastewaters using the fluidized-bed Fenton process. A detailed kinetic study performed in a batch reactor using the previously determined conditions was carried out. This study allowed a better understanding of the process and identification of practical aspects to consider in future works.
Materials and methods

Materials
Experiments for parametric and kinetic studies were conducted for 2 h. All chemicals were purchased from Merck and Panreac companies. Solutions were prepared using deionized water from a Millipore system with resistivity of 18. 2 MX cm.
The fluidized-bed Fenton reactor ( Fig. 1 ) has dimensions of 5.2 cm diameter and 140 cm height, contains perforated plate, 4-mm glass beads below the 2-mm glass beads at the bottom. A recirculation pump is attached, with pH probe and thermometer at the top. Sampling point was near the recirculation location. The reactor was loaded with 100 g of 0.42-0.50 mm sand as carriers (0.42-0.50 mm sand was obtained using screen with Mesh 35 and 40).
Experiment methods
1.45 ml of DMSO was added into the reactor, followed by the desired amount of FeSO 4 Á7H 2 O. Sampling was done before the start of the oxidation process and at specified intervals. The recirculation pump was adjusted such that the bed height of the carrier was maintained at 30 cm which was also equivalent to 360 cm/min flow and 5.25 cycles per minute. The pH of the solution was then adjusted by adding 0.1 N NaOH or 1 N H 2 SO 4 into the reactor. Addition of H 2 O 2 started the Fenton reaction process.
Analysis methods
The spectrophotometric analysis of hydrogen peroxide concentrations and ferrous ion concentrations were done by Thermo Spectronic Genesys 20 with complexing samples of potassium titanium oxalate (K 2 Ti(C 2 O 4 )) and 1,10-phenanthroline, respectively. Absorbance was measured at wavelengths of 400 nm and 510 nm for analyses of H 2 O 2 and Fe 2? concentrations, respectively. DMSO concentrations were detected by a high-performance liquid chromatography (HPLC) with Spectra SYSTEM model SN4000 and Asahipak ODP, 506D column (150 mm 9 6 mm 9 5 mm) using 40 % acetonitrile as mobile phase. COD was measured using closed-reflux titrimetric method based on the standard methods (APHA).
Results and discussion
Effect of initial pH
The effect of initial pH on real DMSO wastewater treatment in terms of DMSO removal efficiency by FB-Fenton process was investigated as Fenton oxidation is a highly pH-dependent process. Solution pH is a significant parameter of the HO Á generation in the Fenton reaction (Anotai et al. 2011; Kochany and Lugowski 1998; Muruganandham and Swaminathan 2004; Tang and Huang 1996a, b; Tang and Tassos 1997) . Generally, Fenton process is conducted in acidic medium. In the previous studies, the increase in pH during the Fenton process leads to coagulation whereby pollutants are removed by complexation of reactions due to the conversion of Fe 2? and Fe 3? to Fe(OH) n type structures (Mollah et al. 2001 ).
Compared to pH 3, initial pH 2 was an inferior condition as it only led to 82.02 % of DMSO degradation. The lower degradation efficiency could be due to Fe (Bigda 1995; Lin and Lo 1997) . Different pH values between 2 and 7 were evaluated. The result showed that the optimal efficiency was reached at 95.22 % of DMSO degradation when the initial pH value was 3.0 with 2-h reaction time. In this study, pH 3.0 was the optimal value for further parametric investigation and kinetic study (Fig. 2a) . The important phenomenon observed is that the solution pH changed after 120 min of reaction. The initial solution pH was 3.0, and the solution pH after 120 min of reaction decreased slightly. However, the solution pH varied significantly at the initial pH of 2.1 (Fig. 2b ). This is because HO Á attacked DMSO, and then, H ? concentration increased. Therefore, the pH value after reaction decreased.
Effect of initial Fe 21 concentration
An important factor in the electro-Fenton process is a suitable Fe 2? concentration (Zhou et al. 2007 ). The concentration of HO Á radical, the main oxidizing agent in the after 2 h. However, as can be seen in Fig. 3b , based on initial rates, the scavenging of hydroxyl radicals was present at initial Since the application of 5 mM Fe 2? led to appreciable DMSO degradation in 2 h, this dosage was considered instead of 7.25 mM in succeeding investigation. This is also for lower cost in case the study will be used for future industrial application.
Effect of initial H 2 O 2 concentration
Increasing the amount of H 2 O 2 improves the Fenton process performance, although the excess amount may cause scavenging of hydroxyl radicals as shown in Eqs. (1)- (2). Equation (3) is a recombination of hydroxyl radicals rather than scavenging. Fe 2? loading has the same effect as it also enhances the degradation efficiency but scavenge hydroxyl radicals when in excess amount, as shown in Eq. (4).
According to the finding of Ting et al. (2009) and Methatham et al. (2012) (Anotai et al. 2009 ) was observed when the initial H 2 O 2 was at least 60 mM. For further investigation, the H 2 O 2 concentration used was 32.5 mM.
Degradation mechanism for DMSO
In our previous study, the oxidation intermediates of DMSO, namely methanesulfinate, formaldehyde, and formate, were detected (Matira et al. 2015) . Wu et al. (2007) also reported that there are two groups of intermediates in the degradation of DMSO: the sulfur-containing compounds and the non-sulfur-containing compounds.
Two primary intermediates are formaldehyde (HCHO) and methanesulfinate (CH 3 SO 2-). Formaldehyde is further degradable to formate (HCOO -) and then to carbon dioxide. Meanwhile, methanesulfinate is degradable to formaldehyde and to methanesulfonate (CH 3 SO 3-). Methanesulfonate is then degradable to sulfate (Lee et al. 2004) . Methanesulfonate, however, was the most resistant intermediate to degrade. The optimal COD removal Table 1 . It can be seen that it is necessary to add more oxidant and extending the reaction time for decreasing the COD further.
Kinetics of DMSO degradation during fluidized-bed Fenton process
The fluidized-bed Fenton oxidation process has two stages of reaction (Lu et al. 1999) . Thus, two kinetic equations were generated in this study. In Fig. 3a , the first stage was based on zero order assuming there were no intermediates yet present during this period. Time 0-3 min was considered for initial rates. For the second stage of oxidation, reaction intermediates were already present as well as reaction mechanisms involved in the fluidized-bed reactor (Matira et al. 2015) . To simplify the study, overall kinetic equation generated was based on the degradation of DMSO. Linear plots were generated according to zero, first, and second orders of reaction. The reaction order that had the best fit for the process was determined. Time 3-120 min was considered for this stage.
Least mean square method was used for determining the rate constants for the first and second stages of oxidation in terms of initial concentrations of Fe 2? , H 2 O 2 , and DMSO. The DMSO degradation using FB-Fenton process could be described by two separate stages. The first stage of the degradation is the homogenous stage, which is also the Fe 2? /H 2 O 2 stage where there are abundant of hydroxyl radicals (Lu et al. 1999) . The second stage of degradation is combination of (1) (Soon and Hameed 2011) . Since hydroxyl radical with E°= 2.80 V/ SHE is a much stronger oxidant than hydroxyphenol radical with oxidizing potential at 1.65 V/SHE (Brillas et al. 2009 ), hydroxyl radical was still considered as the governing oxidant in the second stage of Fenton process. Furthermore, adsorption or complexation of DMSO with generated iron oxides is considered negligible, as DMSO cannot form complexes with iron or other metal ions (Tai et al. 2004) .
The kinetic equations' rate constants, patterned after Anotai et al. (2009) , used the least mean square method in determining the rate law for initial degradation rates. For this research, the least mean square method was used in generating both the rate constants of the kinetic equations for the first and second stages of the oxidation process.
Kinetics during the first stage of fluidized-bed Fenton process
The Fe 2? /H 2 O 2 stage for the FB-Fenton degradation process was short because the Fe 2? easily transformed to Fe 3? . The stage occurred only from start to 3 min. During this period, the intermediates have a negligible effect on the degradation of DMSO. Due to abundance of hydroxyl radicals, the reaction can be considered zero order which means that the degradation is independent on the instantaneous concentrations of reactants and intermediates. Thus, initial rates were determined using linear regression of log-log plots wherein x-values are the log of initial concentrations of reagents and y-values are the log of corresponding initial DMSO degradation rates. The initial rates of DMSO degradation can be calculated by Eqs. (5) and (6) wherein k 1,reagent is the individual x reagent's apparent constant, k 1 is the overall apparent constant, and n is the slope of the log-log plot for initial rates. Figure 4 shows the linear plots to determine the n values. It can be seen that the log-log plot between initial rates and initial reagent concentrations generated lines with high R-square values, from 0.965 to 0.999.
Using the slopes obtained in the linear regressions, shown in Fig. 5 
Since the reaction order of each individual component was known, overall degradation kinetics in terms of initial rates is presented in Eq. (10). Overall apparent initial rate's apparent rate constant, k 1 , is -0.099 and was obtained by using the least squares method which minimized the sum of error squares between the observed initial rate or rate constant of DMSO degradation and the calculated initial rate generated (shown in Fig. 5a ). 
The observed initial rate versus calculated initial rates using Eq. (6) were graphed. The result showed linear regression with slope of 1.007 and R 2 of 0.946, shown in Fig. 5b .
Kinetics during the second stage of fluidized-bed Fenton process
The second stage or the Fe 3? /H 2 O 2 stage of the Fenton degradation process (Lu et al. 1999 ) occurred from time 3 to 120 min. DMSO degradation during this period of reaction was checked for linear fitting based on three different reaction orders (zero, first, and second orders). Figure 6 is the linear regression testing for different reaction orders (zero, first, and second orders) on the batch that has the highest efficiency among the considered runs of DMSO degradation in the study. The result showed that the R-squares were 0.9388, 0.9991, and 0.9283 in these three different reaction orders and the first-order kinetics was the best fit.
Based on Table 2 , the first-order reaction has the highest R-square in each experimental reaction. Thus, the Fe 3? / H 2 O 2 stage is considered following the first-order kinetics. Thus, for pseudo-first-order kinetics, the following Eq. (11) could describe the reaction rates: To determine the value of k, the procedure for the first stage was used in determining the constants for the kinetics. The pseudo-first-order rate of DMSO degradation can be represented using Eqs. (12) and (13) wherein k 2,reagent is the individual x reagent's apparent constant, k 2 is the overall apparent constant, and m is the slope of the log([Reagent] 0 )-log(rate constant) plot.
The log-log plot between rate constants and initial reagent concentrations generated lines with high R-square values from 0.969 to 0.996 (shown in Fig. 7a-c) . Thus, this shows that DMSO degradation is a pseudo-first order reaction. Generally, the treatment of organic wastewaters such as municipal and textile wastewaters fitted well for pseudo-firstorder (Karthikeyan et al. 2013; Soon and Hameed 2011) .
Using the slopes in the linear regressions, shown in Fig. 7a -c and listed in Table 2 , first-order rates can be calculated from Eqs. (14) 
Since the reaction order of each individual component was known, overall degradation kinetics was determined in linear plot (Fig. 7d) and presented in Eq. (17). Overall apparent initial rate's apparent rate constant, k 2 , is -0.0005.
The plot of observed versus calculated rate pseudofirst-order constants using Eq. 
½DMSO ð17Þ
Comparison between conventional Fenton and fluidized-bed Fenton processes on DMSO degradation Table 3 shows the processes for mineralization of DMSO. In the summary of available DMSO degradation methods, O 3 /UV ) and Fenton process (Park et al. 2001) are the most advantageous. However, O 3 /UV is difficult and expensive to operate as O 3 needs to be produced onsite. Moreover, accumulation of ferric hydroxide sludge occurs in Fenton process which would require an additional process for post-treatment (Anotai et al. 2006) . The advantages of using the fluidized-bed Fenton processes on DMSO degradation include no extra ferric hydroxide sludges for future treatment, the highest DMSO degradation efficiency, the highest degradation rate, and the lowest H 2 O 2 consumption. [DMSO] , the degradation at time 0-3 min could be described by the pseudo-zeroorder kinetics. The degradation at time 3-120 min, the pseudo-first-order rate could be applied to fit well.
Low sludge production and energy consumption, and high DMSO degradation efficiency are the main advantages of the fluidized-bed Fenton process. The fluidizedbed Fenton process for DMSO degradation was the best technology compared with other AOP technologies, and this system could be applied for real wastewater treatment.
